1. Fibroblast Growth Factor 2: A Molecular Prototype and Enigma {#s1}
===============================================================

"Basic fibroblast growth factor (FGF)," later renamed FGF2, was one of two prototypical growth factors discovered through experiments nearly 50 years ago. First, new cell culture techniques that are now common provided for transfer of conditioned medium from cultured fibroblasts to newly seeded cells, resulting in stimulation of growth \[[@B1], [@B2]\]. Second, tumor extracts were analyzed for growth factors that regulated tumor angiogenesis \[[@B3]\]. Third, heparin affinity purification and fractionation of homogenized brain pituitary proteins likewise stimulated growth of cultured cells \[[@B2]\]. The growth-stimulating proteinaceous factors were isolated through heparin affinity chromatography and fractionation, leading to a family of heparin-binding growth factors that includes the FGFs \[[@B4]\].

Acidic and basic FGF dissociated from heparin depending on pH and their respective isoelectric points, hence their original names that were later changed to FGF1 for acidic FGF and FGF2 for basic FGF \[[@B5]\]. The FGF family then expanded with isolation of other heparin-binding growth factor proteins through FGF5 \[[@B6]\]. Rapid development of recombinant nucleic acid biochemistry technology then resulted in isolation of FGF family sequence homology clones from cDNA expression and genomic libraries, and the FGF family rapidly expanded to 23 FGFs; the number was later reduced to 22 FGFs when FGF15 and FGF19 were considered orthologs \[[@B7]\]. The Human Gene Nomenclature Committee has used bioinformatic analysis to characterize six other FGFs (FGFs 4, 5, 6, 7, 8, and 9) as structurally and functionally related to the prototypes FGF1 and FGF2 \[[@B10], [@B11]\], and other subclasses of FGFs within the larger family have been constructed \[[@B12]\].

Immunohistochemistry and antisense probes have been used to develop FGF2 expression profiles for tissues and various cells lines that presumed a functional significance \[[@B13]\]. FGF2 expression, gene function, and *in vitro* activity has been demonstrated in brain \[[@B14], [@B15]\], peripheral nerves \[[@B16]\], skeletal muscle \[[@B17]\], smooth muscle \[[@B18]\], heart \[[@B19]\], angiogenesis \[[@B3], [@B6], [@B8], [@B20]\], hematopoietic cells \[[@B21]\], chondrocytes \[[@B22]\], and osteoblasts \[[@B26]\], in both adult and developmental stages. FGF2 was presumed to be a major regulator of tissue growth and differentiation in development and for several diseases, principally cancer and cardiovascular disease.

Continuously expanding nucleic acid technology has allowed sequencing and dissection of the FGF2 gene structure and function. Most interesting has been the discovery and analysis of alternative translation CUG start sites from the 5′ end of the FGF2 mRNA \[[@B35]\]. This is a rare feature in the mammalian genome that allows translation and expression of multiple protein isoforms from a single FGF2 mRNA, an evolutionary primitive device that is different from the more common alternative splicing of mRNAs. Novel site-directed mutagenesis experiments in COS cells revealed that the different FGF2 protein isoforms (four in humans, three in mice) are differentially trafficked in cells \[[@B35], [@B38]\]. The high molecular weight (HMW) FGF2 isoforms (24, 23, and 22 kD) are localized to the nucleus, whereas the low molecular weight (LMW) FGF2 (18 kD) is cytoplasmic and membrane associated as the predominant fibroblast growth factor receptor (FGFR) ligand ([Fig. 1](#F1){ref-type="fig"}). Intracellular trafficking of the HMW FGF2 isoforms has been elucidated, but the precise molecular mechanism in the nucleus for regulation of cell growth and differentiation remains unclear \[[@B39], [@B40]\].

![Representation of the human FGF2 gene, the mRNA transcript with alternative CUG translation start sites, with the LMWFGF2 and human *N*-terminal expansion HMWFGF2 protein products. The HMWFGF2 proteins (22, 23, and 24 kD) traffic to the nucleus, whereas the 18-kD LMWFGF2 species binds to the FGFRTK for signal transduction. The LMWFGF2 protein is anabolic, whereas the HMWFGF2 proteins cause decreased BMD and osteopenia.](js.2018-00105f1){#F1}

Pursuit of the functional biological, physiologic, and pathological significance for FGF2 as a major target for drug development and therapeutics continued with mapping of FGF2 receptor expression, contiguous with FGF2 ligand expression. FGF2 agonists and antagonists alike were presumed to hold the most potential for cancer, cardiovascular, and neuroscience therapies \[[@B41]\]. Interestingly, FGF2 expression had been detected in bone and cartilage, and a small subset of the FGF2 literature proposed that FGF2 regulated bone growth and mineralization \[[@B25], [@B26], [@B28], [@B30], [@B32]\]. However, the intense focus of the bone research community was on calcification, and the priority for FGF2 drug development was cancer and cardiovascular disease, and both somewhat obscured the bone results and significance. Development of animal models would change that.

2. Biology of FGFRs {#s2}
===================

Shortly after the discovery of the FGF2 ligand, the search began for FGFRs. Several different experimental approaches were taken, with FGF2 protein affinity and cross-linking experiments leading the way. A variety of FGF2 ligands were found, but the most fruitful results came from relating the epidermal growth factor receptor tyrosine kinase (RTK) family to the pursuit of similar FGF2-binding RTKs. Through both protein and nucleic acid biochemical approaches, the four-member FGFRTK family has been well defined \[[@B42]\].

The FGFRTKs are part of the immunoglobulin superfamily with three immunoglobulin extracellular domains, a hydrophobic transmembrane domain, and the tyrosine kinase cytoplasmic/enzymatic region \[[@B43]\]. There are other FGF-binding proteins that lack the kinase domain with putative FGF-related functions (including bone metabolism), such as FGFRL1 \[[@B44]\]. However, the majority of the physiologic and genetic data for FGF-related functional significance lies with the 22 FGF ligands and the four principal FGFRTKs.

Expression data for the FGFRTKs map to a wide variety of cells, offering little clue to tissue-specific physiologic function of FGFRTKs or their ligands \[[@B45]\]. When the FGF2 ligand binds its RTK, it generates dimerization generating either homodimers or heterodimers between the FGFRTK family members. The four FGFRs have different affinities for the multiple FGF family members. Ligand binding studies *in vitro* have shown that FGFRTKs 1, 3, and 4 had the greatest affinity, but FGFRTK 2 also shows biological activity from binding FGF2 \[[@B46]\]. The four FGFRTKs combined with 22 FGF ligands present a complex biological paradigm for FGF function as a peptide growth factor. Then the FGF2 ligand itself further complicates the picture with its four translational protein products. Moreover, the FGFRTK genes are each capable of generating alternatively spliced transcripts, resulting in numerous FGFRTK protein isoforms with differential functions \[[@B12], [@B42]\].

After discovery of the FGFRTKs came elucidation of the signal transduction pathways. This effort has proven complicated because they vary between cell types. A multitude of reports describe various enzymes downstream of the FGFRTKs, but they follow three principal signaling pathways: an inositol phosphate pathway that activates protein kinase C for calcium regulation \[[@B47]\], a STAT pathway that regulates bone growth \[[@B23], [@B29]\], and the GRB2-SOS-Ras-Raf-MapK pathway that intersects with Wnt for osteoblast-mediated control of bone growth and mineralization \[[@B42], [@B45], [@B48], [@B49]\]. Signaling bridges between these pathways by molecules such as SHP2 may integrate the net effect of FGF2 on the target cell \[[@B50]\]. The balance of signaling between these pathways \[[@B11], [@B45], [@B46]\] could vary depending on the cell, the ligand, and the receptor depending on the splice isoform (of any variant for the four FGFRTKs) and whether it forms a heterodimer or homodimer ([Fig. 2](#F2){ref-type="fig"}).

![Representative configurations for FGFRTKs. The canonical FGFRTK contains three immunoglobulin domains (Ig) and a two-domain cytoplasmic tyrosine kinase (TK) that phosphorylate downstream substrates. (A) The four FGFRTK genes are capable of forming homodimers or heterodimers that bind the FGF ligands, with heparin sulfate proteoglycan (HSGP) as a cofactor. The FGFRTKs putatively dimerize (B) between spliciforms or (C) with non-FGFR/ligands such as Klotho or NCAM. The system becomes more complex with alternative splicing that can generate variable Ig spliciforms, such as FGFR1 IIIC with (A) three Ig or (B) two Ig. Different combinations of dimers and spliciforms dictate variable affinities among 18 FGF ligands and also modulate downstream signaling among different pathways (JAK/STAT, PI3K, RAS/RAF/MAPK, or PLCγ) to regulate cell (osteoblast) proliferation or differentiation and calcium metabolism. Polymorphism or sporadic point mutations among the FGFR family can result in skeletal syndromes that are autosomal dominant as gain of function for the FGF system in skeletal physiology and carcinogenesis.](js.2018-00105f2){#F2}

Perhaps the most important scientific results for the FGFRTKs came from genetic mapping of human dwarfisms and chondrodysplasias to the FGFRTK loci. Pfeiffer syndrome \[fibroblast growth factor receptor 1 (FGFR1)\], Crouzon syndrome (FGFR2), achondroplasia (FGFR3), and thanatophoric dysplasia (FGFR3) all mapped to the fully functional FGFRTKs \[[@B51], [@B52]\]. These results set the foundation for the FGFs as major regulatory genes in skeletal development and bone physiology. Moreover, the human genetic data were independently confirmed by initial production of animal models with a human FGF2 cDNA that unexpectedly generated chondrodysplasia as the principle phenotype \[[@B53]\]. Together these initial reports set the stage for a series of experiments that used animal models for the human syndromes that defined the genetic and molecular mechanisms for regulation of bone growth and mineralization. Although the FGFRTKs mapped to a major human skeletal disorder, the accompanying FGF2 ligand has not been mapped to a genetic syndrome. That may speak to redundancy in the FGF ligand family that is evident in the murine gene targeting studies \[[@B54]\].

3. Animal Models for FGF2 and FGFRTKs {#s3}
=====================================

Consistent with most gene families, elucidation of FGF physiologic function was dramatically advanced by animal modeling, including transgenesis and gene targeting. Basically, transgenesis is used for gain of function, whereas gene targeting is used for loss of function. Initial production of an FGF2 transgenic mouse using the full-length human cDNA unexpectedly resulted in full chondrodysplasia as the principal phenotype \[[@B30], [@B55]\]. The FGF2 null mouse, in another unexpected result, showed modest vascular effects but no obvious bone phenotype \[[@B54]\]. However, aging the FGF2 null mouse revealed osteoporosis as a major skeletal phenotype \[[@B26], [@B27], [@B31], [@B34], [@B56]\]. The results of the initial FGF2 animal modeling experiments showed chondrodysplasia for gain of function and osteoporosis for loss of function. Both results were consistent with the human genetic data showing FGF2 (and the FGFRTKs) as a negative regulator for bone growth \[[@B57]\]. Generation of transgenic mice with FGFRTK constructs that contained the human mutations generated chondrodysplasias as dominant negatives, similar to the human condition and consistent with the ligand overexpression transgenic models \[[@B53], [@B55]\]. Clearly, the FGF2 regulatory system lent itself well to production of animal models to test physiologic function and model human pathologies.

Those principles continued to be reliable for elucidating the function of the FGFRTKs and uncovering the differential function of the FGF2 alternative protein isoforms in bone development and growth. Production of separate transgenic lines for overexpression of the specific FGF2 isoforms proved to be consistent with the previous results. Expression of the HMW (24, 23, and 21 kD) FGF2 isoforms in mice recapitulated the chondrodysplasia phenotype \[[@B58]\]. However, overexpression or singular expression of the LMW (18 kD) isoform did not result in chondrodysplasia but cortical thickening with increased bone mass \[[@B32], [@B61], [@B62]\]. Overall, animal models generated with human FGF2 transcripts showed that negative regulation of bone growth as chondrodysplasia was caused by the HMW isoforms, whereas the LMW isoform was responsible for increasing bone mass in a positive regulatory mode.

4. Function of FGF2 in Bone Growth and Metabolism {#s4}
=================================================

Multiple studies have established the importance of FGF2 in bone development, maintenance, and fracture healing. Further understanding of the molecular mechanisms and pathways involved in these processes can allow therapeutic manipulation and improved patient outcomes in the future. FGF2 expression occurs in stromal cells and osteoblasts in bone, with storage in the extracellular matrix \[[@B63]\]. The differential function of the nuclear high molecular weight (HMWFGF2) and secreted low molecular weight (LMWFGF2) isoforms has been established; the HMW has inhibitory effects on mineralization and the LMW promotes bone formation \[[@B30], [@B32], [@B55], [@B59], [@B62], [@B64]\]. The main contributors to the expressed phenotypes are Wnt signaling \[[@B32], [@B61], [@B65]\], bone morphogenetic protein 2 (BMP2) \[[@B34], [@B66], [@B67]\], FGF23 \[[@B49], [@B59]\], and phosphate homeostasis via the bone-kidney axis \[[@B58], [@B62], [@B68]\].

The LMWFGF2 is exported and functions locally in the bone matrix by binding to FGFR1 and FGFR2, forming TRK dimers, and initiating the Wnt cascade through PI3K in osteoblasts and mesenchymal stem cells \[[@B58], [@B65], [@B69]\]. Wnt activation also occurs through inhibition of the sFRP1, a Wnt antagonist \[[@B58], [@B70]\], allowing Wnt ligands to bind Frizzled receptor and low-density lipoprotein receptor-related protein 5 (LRP5) complex \[[@B71], [@B72]\]. Another secreted protein involved in Wnt signaling is Dkk1, which can sequester to LRP5 and LRP6, allowing the degradation of *β*-catenin and inhibiting Wnt signaling \[[@B73], [@B74]\]. The Frizzled/LRP5 complex activates Disheveled, which in turn inhibits the Axin/APC/GSK3*β* destruction complex from ubiquitinating *β*-catenin \[[@B73], [@B75]\]. This process allows *β*-catenin to accumulate in the cytoplasm and translocate into the nucleus, where it stimulates activation of TCF/LEF1, a transcription factor \[[@B72], [@B76]\]. TCF/LEF promotes the expression of Runx2, osterix, and OCN in osteoblasts \[[@B61], [@B62], [@B77]\]. Runx2 functions as a transcription factor in early osteoblast development and maturation \[[@B77], [@B78]\]. Osterix expression is promoted by a Runx2-binding element \[[@B79]\] and functions as a zinc-finger transcription factor promoting collagen IA and also inhibits TCF binding to DNA and therefore causes feedback inhibition of Wnt signaling \[[@B80], [@B81]\]. These elements initiate the process of osteoblast proliferation, differentiation, and subsequent bone mineralization.

Another important factor in the LMWFGF2-Wnt cascade is BMP2. LMWFGF2 and BMP2 play synergistic roles in osteoblast activation and differentiation by activating the expression of each other \[[@B34], [@B66], [@B82]\]. The effect of LMWFGF2 on BMP2 expression, and *vice versa,* make BMP2 a vital signaling molecule in FGF2 signaling. BMP2 can further activate Wnt signaling through the Smad pathway \[[@B34]\]. BMP2 binds its receptor BMPR1/2, which stimulates the signaling cascade by phosphorylating Smad 1/5/8 \[[@B83]\]. These proteins can bind to Smad4, translocate to the nucleus, and activate a Smad-binding element \[[@B83], [@B86]\]. Binding to this element promotes expression of Dlx5, a promoter of Runx2, and mediates Osx expression \[[@B87], [@B88]\]. The resulting gene expression causes osteoblast proliferation and differentiation similar to the Wnt signaling activated by LMWFGF2. Phosphorylated Smad proteins are also able to bind to the CpG island of the Sost promoter, inhibiting expression; Sost is a locally secreted protein and potent Wnt inhibitor \[[@B89], [@B90]\]. Inhibition occurs through Sost binding LRP4/5/6 and preventing dimerization with the Frizzled receptor and subsequent activation of the Wnt cascade \[[@B91], [@B92]\].

Sost expression is promoted by the nuclear HMWFGF2 \[[@B59], [@B62]\]. The HMW isoforms are expressed through a nontraditional CUG start codon upstream of the LMWFGF2 AUG start site \[[@B93], [@B94]\]. HMWFGF2 proteins contain a nuclear localization sequence that allows them to function in an intracrine manner and affect gene expression \[[@B95]\]. HMWFGF2 gains this ability to function intracellularly by binding FGFRs; specifically, FGFR1 plays an extensive role in this mechanism \[[@B96], [@B97]\]. The complex of HMWFGF2 and FGFR1 uses importin-*β*--mediated transport to enter the nucleus and function as a transcriptional activator \[[@B96], [@B97]\]. Gene expression occurs through the transcriptional activator CREB-binding protein; the FGFR1 complex promotes release of CREB-binding protein from the RSK inactivation complex \[[@B98], [@B99]\]. The resulting gene expression is probably dependent on the cell type. In bone metabolism, HMWFGF2 nuclear signaling through the described mechanism has been shown to promote a number of genes inhibitory to mineralization. Sost has already been described, but another potent inhibitor of calcification is Matrix GLA protein through sequestration of BMP2 \[[@B100]\]. HMWFGF2 was shown to greatly increase expression in bone when present. Physiologically this could function as feedback mechanism during bone growth and fracture repair but could also be overly expressed in bone disease, such as hypophosphatemic rickets \[[@B59]\]. In addition to Sost and Matrix GLA protein, the most established and influential factor promoted by HMWFGF2 is FGF23 \[[@B49], [@B59]\].

FGF23 plays a substantial role in modulating the bone-renal axis by regulating phosphate homeostasis \[[@B68], [@B101]\]. FGF23 expression is promoted by HMWFGF2 nuclear translocation and transcriptional activity \[[@B49], [@B59], [@B62]\], resulting in secretion of FGF23 into circulation and subsequent action on kidney, increasing phosphate wasting and modulating vitamin D homeostasis \[[@B102], [@B103]\]. FGF23 induces its effects on the kidney by binding to Klotho on the cell surface, which can then interact with FGFRs to form an FGF23-specific receptor \[[@B104]\]. FGFRs function as tyrosine kinases and activate the RAS-MAPK-ERK pathway intracellularly \[[@B12], [@B59]\]. Activation of this pathway in the kidney results in decreased expression of type II sodium-dependent phosphate cotransporter in the renal proximal tubule and consequently loss of phosphate reabsorption \[[@B107]\]. Type II sodium-dependent phosphate cotransporter expression is positively regulated by all-*trans*-retinoic acid, retinoic acid receptor, and 1,25(OH)vitamin D; FGF23 inhibits this activity \[[@B108], [@B109]\]. FGF23 has not been proven to modulate the retinoic acid pathway but does modulate vitamin D metabolism. FGF23 modulates Cyp proteins in the kidney, specifically decreasing Cyp27b1 (activates vitamin D) and stimulating Cyp24 (degrades vitamin D), resulting in lower circulating vitamin D \[[@B109]\]. HMWFGF2 has been shown to increase parathyroid hormone (PTH) expression \[[@B60]\], and PTH in turn promotes FGF23 expression, resulting in a negative feedback loop on PTH expression \[[@B110]\]. Therefore, HMWFGF2 can manipulate phosphate homeostasis by altering PTH and FGF23 expression.

FGF23 regulation in the bone-renal axis is controlled by a family of short integrin-binding ligand-interacting glycoproteins, specifically Dmp1 and Phex. These proteins interact through an acidic serine aspartate--rich MEPE-associated (ASARM) motif \[[@B111]\]. Dmp1 activates Phex through the ASARM motif, and together they downregulate FGF23 expression, leading to improved bone mineralization \[[@B112]\]. Dmp1 also improves mineralization through its ability to nucleate hydroxyapatite crystals in the bone matrix during bone formation and turnover \[[@B91]\]. HMWFGF2 opposes the action of Dmp1 and Phex through the upregulation of FGF23 and Sost, which upregulates activity of Mepe-ASARM protein \[[@B99]\]. Mepe-ASARM competitively binds the ASARM motif of Phex, inhibiting activation via Dmp1 and the resulting FGF23 downregulation \[[@B111]\].

In summary, LMWFGF2 promotes bone mineralization by acting locally to increase osteoblast proliferation and differentiation, mainly through the canonical Wnt signaling pathway and the similarly functioning BMP2/Smad pathway. LMWFGF2 initiates these signaling cascades after being secreted locally in the extracellular bone matrix via binding and activating cellular surface FGFR1 tyrosine kinase activity. The action of LMWFGF2 is opposed by the HMWFGF2 isoforms that function in the nucleus as transcriptional activators in complex with FGFR1. The main effects of HMWFGF2 are through gene expression of mineralization inhibitors: FGF23 and Sost. Sost inhibits Wnt signaling locally, whereas FGF23 functions, systemically affecting vitamin D metabolism and phosphate homeostasis, resulting in overall inhibition of bone mineralization.

5. Human FGF-Related Bone Disorders {#s5}
===================================

FGF2 and FGFRs have been linked to a number of bone diseases and pathological conditions. Therapeutic manipulation of the involved pathways could prove to be of substantial benefit for people with painful, deforming, and crippling conditions. Impairment of genetic expression of FGFs and their receptors has been linked to a number of bone-related diseases, most significantly osteoporosis or osteomalacia \[[@B90], [@B113]\], hypophosphatemic rickets \[[@B114]\], and pathological bone fractures \[[@B115]\]. Discovering the molecular roles of FGFs and FGFRs in the development of pathological conditions can provide insights into possible curative treatments through manipulation of the signaling pathways. This manipulation can be accomplished by introducing exogenous FGFs \[[@B116]\], monoclonal antibody inhibitors \[[@B117]\], or possibly direct genetic manipulation \[[@B118]\]. This section will delve into the pathologic disease states related to FGFs and current research into potential treatments.

FGF2 has been demonstrated as an important part of bone development and has been linked to a number of pathologic states, most notably childhood rickets. The FGF-related pathways manipulating phosphate homeostasis have been used to model hypophosphatemic rickets in mice and could lead to potential avenues for treatment of this deforming disease. Much of the involvement of FGF2 in the development of the rickets phenotype has been demonstrated through mouse models with differential expression of the HMWFGF2 isoform, which promotes FGF23 expression and control of the bone-renal axis, leading to systemic hypophosphatemia \[[@B59], [@B62]\]. The resulting low level of phosphate decreases the potential for formation of hydroxyapatite crystals and results in poor mineralization. In rickets, the phenotype presents as low bone mineral density, bowing of the long bones, and overall poor bone development \[[@B114]\]. In addition to the murine models of disease, a number of human genetic studies reveal mutations in FGF-related pathways. Gene sequencing of families that have been affected by autosomal dominant hypophosphatemic rickets displayed gain of function mutations in FGF23, leading to the characteristic phenotype \[[@B119]\]. These studies displayed alterations in the FGF23 cleavage site, allowing subsequent overexpression, hypophosphatemia, and diminished active vitamin D, resulting in the observed phenotype.

The most common initial therapy is dietary supplementation of phosphate, vitamin D, and calcium along with physical therapy and surgery depending on the affected person's needs. Diet therapy has shown to have positive results initially, with long-term resistance to treatment caused by rising FGF23 levels in response to therapy \[[@B122], [@B123]\]. This resistance demonstrates a need for improved therapy options. There has been some evidence in both mouse models \[[@B124]\] and a human trial \[[@B125]\] for benefits of iron supplementation providing improvement of symptoms and phenotype. A more definitive long-acting treatment could come in the form of an FGF23 antibody \[[@B60], [@B115]\] or FGFR-specific antibody \[[@B58], [@B126]\], which have demonstrated promising results in mouse models. These antibody treatments may be promising but will need to undergo further animal and clinical trials to become viable options in a clinical setting.

Other conditions related to FGF expression are involved with bone aging and fragility. Osteomalacia and osteoporosis are part of a spectrum of poor bone mineralization related to aging and commonly resulting in fragility fractures. The role of FGF2 in bone mineralization and osteoporosis has been long demonstrated in mouse models \[[@B26], [@B114]\] and more recent genetic studies in human populations \[[@B127], [@B128]\]. The human models demonstrated a strong correlation of FGF2 polymorphisms causing decreased LMWFGF2 expression and significantly increased risk for developing osteoporosis. Recently, treatment of osteoporosis has included increased weight-bearing exercise, diet modification, smoking and glucocorticoid cessation, PTH, denosumab, selective estrogen receptor modulators, and bisphosphonates. Bisphosphonate are well tolerated and can be beneficial \[[@B117]\]. PTH can be used in patients with risk of fracture because of its anabolic action in bone but can be used only for ≤2 years because of its potential for bone catabolism in the long term \[[@B118]\].

FGF2 has been shown to play a role in current treatment through the response to PTH. PTH has been demonstrated to increase FGF2 levels in patients being treated for glucocorticoid-induced osteoporosis \[[@B129]\]. The anabolic PTH response has also been shown to be FGF2 dependent in mouse models \[[@B31]\]. The FGF2 and BMP2 pathways have been long established as promoters of bone mineralization and risk factors for the development of osteoporosis but have not been widely used in the treatment setting. A recent study of femoral head osteonecrosis used an adenovirus vector to promote expression of FGF2 and BMP2 in beagle dogs, with promising results \[[@B130]\]. Perhaps viral vector delivery or exogenous BMP2/FGF2 treatment could provide additional benefit to patients with severe osteoporosis.

With the development of decreased bone density in the case of osteomalacia and osteoporosis comes the increased risk of pathological fractures. Patients with previously diminished ability to support proper bone metabolism are at increased risk of poor healing after undergoing a fracture. Intervention into improving fracture healing has begun, and FGF2 is a viable candidate in the cascade because it has been shown to initiate bone repair \[[@B131]\]. The viability of FGF2 expression has displayed benefits in a number of animal fracture models including rabbits \[[@B131]\], transgenic mice \[[@B132]\], and nonhuman primates \[[@B133]\]. The improvement in fracture healing appears to involve activation of the mesenchymal stem cell population derived from the periosteum, leading to rapid collagenous callous formation and a shorter timeline for full fracture repair. Exogenous BMP2 has also been used clinically to improve fracture repair, but high doses are needed to achieve benefits in older adults \[[@B134]\]. BMP2 expression is promoted by LMWFGF2, as described earlier, and can have synergistic functions during activation of osteoblastic cell lineage. One study in mice used a two-phase biomaterial scaffold to administer low doses of FGF2 along with low-dose BMP2 and displayed improved bone repair in calvarial defects of older mice \[[@B135]\]. The application of FGF2 in the form of biodegradable hydrogels has shown improvement of bone union and decreased healing time in a number of studies including patients undergoing tibial osteotomy \[[@B136]\], long bone repair \[[@B137]\], and numerous animal studies using FGF-loaded gels and nanoparticles to repair bone defects \[[@B138], [@B139]\]. The improvements in tissue engineering and further clinical trials into the efficacy of biomaterials and FGF/BMP-loaded hydrogels could prove extremely beneficial in fracture repair, especially in an osteoporotic, aging population.

FGFR-related genetic mutations have been shown to play a role in disease etiologies related to skeletal development, such as craniosynostosis syndromes including Pfeiffer, Jackson-Weiss, Crouzon, Apert, and Muenke \[[@B140]\]. These diseases can cause deformities and deficits starting at a very young age. The only available intervention is a series of surgical procedures to correct the premature fusion of the cranial suture lines. Currently animal models are being used to explore possible treatment through genetic manipulation of the involved pathways, and this method could also open the possibility to targeted antibody therapies in the future, such as tyrosine kinase inhibitors and small molecular inhibitors \[[@B143]\]. All nonsurgical interventions are at very early stages of development and require further testing and investigation before becoming clinically viable options in the treatment of craniosynostosis syndromes.

Another strong correlation to FGFRs is that of FGFR3 mutations in the development of disease phenotypes related to bone growth and development. Achondroplasia, which causes skeletal dwarfism, has been demonstrated to have a causal mutation in FGFR3 \[[@B144]\]. A number of mutations in FGFR3 are correlated with phenotypes of different severities of achondroplasia ranging from mild to lethal forms \[[@B145], [@B146]\]. FGFR3 appears to regulate bone growth. Mouse models have demonstrated that inactivation of FGFR3 results in an overgrowth phenotype \[[@B147]\], whereas activating mutations display a phenotype of diminished growth potential similar to achondroplasia \[[@B148]\]. Possible therapies for treatment remain in the early stages, with some promise in murine models. One treatment relies on introducing a soluble form of FGFR3 to function as a decoy for ligands and theoretically decrease intracellular signaling \[[@B149]\]. Another potential target is abrogating downstream signaling from the mutated receptor, which has been accomplished in mice through C-type natriuretic peptide that inhibits the MAP kinase pathway \[[@B150], [@B151]\]. These are both viable theoretical therapies, but like many potential treatments they need further animal testing and clinical trials.

6. Discussion and Future Directions {#s6}
===================================

Differential expression of FGFs and FGFRs through various mechanisms can play a substantial role in the overall health of an individual. These conditions can manifest early in life, such as the craniosynostosis syndromes, skeletal growth abnormalities, and variations of rickets due to genetic polymorphisms resulting in altered gene expression. A person's FGF expression levels could alter his or her risk of developing osteoporotic disease and subsequent pathological fracture risk. FGF profile can also affect the rate of bone repair and response to certain treatments. The multitude of FGF-related pathways involved in bone maintenance, metabolism, and disease progression present targets for therapy, but many are still in the experimental stages. There are promising results in numerous animal models for improving disease and fracture management, especially in frail older adults.

***Financial Support:*** Supported by National Institutes of Health/National Institute of Arthritis and Musculoskeletal and Skin Diseases grant AR072986.05 to M.M.H.

***Disclosure Summary:*** The authors have nothing to disclose.

ASARM

:   acidic serine- and aspartic acid-rich motif

BMP

:   bone morphogenetic protein

FGF

:   fibroblast growth factor

FGFR

:   fibroblast growth factor receptor

HMW

:   high molecular weight

LMW

:   low molecular weight

LRP

:   low-density lipoprotein receptor-related protein

PTH

:   parathyroid hormone

RTK

:   receptor tyrosine kinase
